heart failure is a major cause of mortality in the elderly population. It is often preceded by diastolic dysfunction, which is characterized by impaired active relaxation and increased stiffness. We tested the hypothesis that senescence-prone (SAMP8) mice would develop diastolic dysfunction compared with senescence-resistant controls (SAMR1). Pulsed-wave Doppler imaging of the ratio of blood flow velocity through the mitral valve during early (E) vs. late (A) diastole was reduced from 1.3 Ϯ 0.03 in SAMR1 mice to 1.2 Ϯ 0.03 in SAMP8 mice (P Ͻ 0.05). Tissue Doppler imaging of the early (E') and late (A') diastolic mitral annulus velocities found E' reduced from 25.7 Ϯ 0.9 mm/s in SAMR1 to 21.1 Ϯ 0.8 mm/s in SAMP8 mice and E'/A' similarly reduced from 1.1 Ϯ 0.02 to 0.8 Ϯ 0.03 in SAMR1 vs. SAMP8 mice, respectively (P Ͻ 0.05). Invasive hemodynamics revealed an increased slope of the end-diastolic pressure-volume relationship (0.5 Ϯ 0.05 vs. 0.8 Ϯ 0.14; P Ͻ 0.05), indicating increased left ventricular chamber stiffness. There were no differences in systolic function or mean arterial pressure; however, diastolic dysfunction was accompanied by increased fibrosis in the hearts of SAMP8 mice. In SAMR1 vs. SAMP8 mice, interstitial collagen area increased from 0.3 Ϯ 0.04 to 0.8 Ϯ 0.09% and perivascular collagen area increased from 1.0 Ϯ 0.11 to 1.6 Ϯ 0.14%. Transforming growth factor-␤ and connective tissue growth factor gene expression were increased in the hearts of SAMP8 mice (P Ͻ 0.05 for all data). In summary, SAMP8 mice show increased fibrosis and diastolic dysfunction similar to those seen in humans with aging and may represent a suitable model for future mechanistic studies. heart failure; transforming growth factor; aging HEART FAILURE IS A MAJOR AND growing public health concern in the United States; there are an estimated 5 million people living with this disease, and another 550,000 patients will be diagnosed yearly (6). Approximately one-half of all heart failure patients in the United States suffer from diastolic heart failure, and it is a major cause of mortality in the elderly population (35). Diastolic heart failure describes a group of patients whose clinical manifestation of congestive heart failure is characterized by normal left ventricular diastolic volume, a normal ejection fraction, delayed active relaxation, and increased passive stiffness of the left ventricle (34). Diastolic dysfunction precedes diastolic heart failure and is often clinically silent; it is characterized by abnormal ventricular distensibility, relaxation, and filling (1). Both diastolic dysfunction and diastolic heart failure are most common in the elderly population. In a study that examined the prevalence of this form of heart failure, 50% of patients over the age of 70 showed evidence of diastolic heart failure. Studies (35) indicate that the most important determinants for development of diastolic dysfunction and diastolic heart failure are age and hypertension. Although the exact molecular mechanisms behind diastolic dysfunction are poorly understood, fibrosis is thought to contribute to its progression. Increased activity of cytokines and accumulation of extracellular matrix proteins are key features of most fibrotic diseases (16). Transforming growth factor-␤ (TGF-␤), a profibrotic cytokine, works synergistically with connective tissue growth factor (CTGF) to promote fibroblast proliferation and deposition of collagen and fibronectin (18).
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While well-established murine models exist to study such common cardiovascular diseases as hypertension, atherosclerosis, and congestive heart failure, a model of isolated agerelated diastolic dysfunction has yet to be established and characterized. Previous studies have established that the ratio of early to late mitral filling velocity is decreased in aged wild-type mice (27) and that caloric restriction improves diastolic function in aged mice (28) , but there has not been a model of pure spontaneous diastolic dysfunction or a model that has established the connection between age-related diastolic dysfunction and fibrosis.
Since advancing age is such an important risk factor for the development of this pathophysiological condition, we used the senescence-accelerated mouse model (SAM), a murine model of spontaneous senescence that displays many common geriatric disorders in the human population (13, 29 -31) . This model was derived from the AKR/J strain of mice by continuous sister-brother mating selecting for a tendency toward either accelerated or normal senescence; breeders were retrospectively chosen based on the degree of senescence at 8 mo as determined by life span and clinical signs of aging (30) . The SAM model is comprised of the senescence-prone (SAMP) and control senescence-resistant (SAMR) strains. Accelerated senescence refers to the tendency of SAMP mice to experience a rapid progression of senescence after reaching maturity and a shorter life span by ϳ40% compared with the SAMR series (29) . Although some variability exists with respect to life span of these mice, the median life span of SAMR1 mice has been reported to be between 12 and 21 mo of age, and the median life span of SAMP8 mice has been reported as 10 to 17 mo of age (12) . While these mice display a number of pathological changes at autopsy after their natural death, including pneu-monia, abscess, colitis, amyloidosis, contracted kidney, neoplasms, and a number of other abnormalities, the most likely causes of death in SAMP8 mice are lymphoid neoplasms and contracted kidney (31) . Of all the SAM strains, SAMR1 and SAMP8 strains are the best-studied strains with respect to cardiovascular disease and oxidative stress. Using these strains, we demonstrated that aging results in diastolic dysfunction and that diastolic dysfunction is accompanied by increased cardiac fibrosis and increased profibrotic cytokines.
METHODS
Animal maintenance. SAMR1 and SAMP8 mice were purchased from Harlan (Indianapolis, IN). All experiments were carried out using 3-mo-old and 6-mo-old male mice. All experiments were approved by the Atlanta Veterans Affairs Institutional Animal Care and Use Committee (Protocol Approval No. V018 -03). The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
Assessment of cardiac dimensions and diastolic function using echocardiography. Echocardiography studies were completed as described previously (25) . Briefly, mice were anesthetized with 4% isoflurane, hair was removed from the thorax, and they were maintained under light anesthesia (1-1.5% isoflurane) at ϳ37°C and demonstrated a physiological heart rate Ͼ500 beats/min during the procedure. Two-dimensional and M-mode transthoracic echocardiography modalities were used to assess wall motion, chamber dimensions, and wall thickness and to calculate fractional shortening. Pulsed-wave Doppler echocardiography was used to measure early (E) and late (A) blood flow velocities through the mitral valve. Tissue Doppler imaging was used to measure the early (E') and late (A') velocity of the mitral annulus. For each measured data point, at least three beats were averaged per measurement, at least three measurements were taken per animal, and beats were taken at end expiration. Studies were reviewed by two different investigators, one of which was blinded. Interobserver variability was based on six studies and was 9.7 Ϯ 0.8%. Intraobserver variability was based on four studies and was 7.4 Ϯ 0.9%. Measurements were made using a VisualSonics Vevo 770TM in vivo micro-imaging system equipped with a RMV-707B cardiovascular scanhead (Toronto, ON). Different groups of mice were used for studies carried out at 3, 6, and 12 mo of age.
Assessment of cardiac function using invasive hemodynamics. Invasive hemodynamic studies were performed as described previously using a closed-chest procedure (26) . Mice were anesthetized with 1-2% isoflurane. An initial intraperitoneal bolus injection of 0.3 ml normal saline was given, and the body temperature was maintained at 37-38°C during the procedure. After a single dose of pancuronium (0.12 mg/kg iv) through the left jugular vein, the mechanical ventilation (MA1 55-7059; Harvard Apparatus, Holliston, MA) was started via tracheoectomy with a rate of 118 -133 breaths per minute and a tidal volume of 0.19 -0.28 ml. A pressure-volume catheter (SPR-839; Millar Instruments, Houston, TX) was inserted into the right common carotid artery and advanced into the left ventricle. Inferior vena cava occlusion was performed via a midline abdominal incision. Volume and parallel conductance calibration were performed as previously described (32) . The end-diastolic pressure volume points were fitted using the following linear function: LVEDP ϭ EDPVR ϫ LVEDV ϩ intercept, where LVEDP and LVEDV are left venticular end-diastolic pressure and volume and EDPVR is enddiastolic pressure-volume relationship (for both groups combined: median: r 2 ϭ 0.97 Ϯ 0.04; range: 0.84 to 0.99). The group of mice used for invasive hemodynamic studies was separate from the group used for echocardiography; however, all mice were 6 mo old at the time of study.
Sarcomere length shortening measurements. The mechanical properties of the cardiomyocytes were assessed using an IonOptix Myocam System (Ionoptix, Milton, MA). Unloaded cardiomyocytes were placed on a glass slide and allowed to adhere for 10 min. Cardiomyocytes were then imaged with an inverted microscope and perfused with a normal Tyrode's solution containing 1.2 mmol/l CaCl 2 at 37°C by temperature controller and heater (mTC-II; Ionoptix, Milton, MA). Cardiomyocytes were paced at 1.0 Hz for a 4-ms duration, and sarcomere shortening and relengthening were assessed using the following indexes: peak fractional shortening, time to 90% peak shortening, and , the relaxation time constant (a 0 ϩ a1e t/ , t ϭ time). Cardiomyocytes (47-59) from five to six different mice were used to measure sarcomere shortening. A separate group of 6-mo-old male mice was used for sacrcomere length shortening measurements.
Blood pressure data acquisition. Blood pressure was measured as described previously (15) . Anesthesia was induced using 4% isoflurane and maintained at 1-1.5% isoflurane. A 2-cm ventral incision was made from the chin to the sternum, and the carotid artery was isolated by blunt dissection. A 25-guage bent needle was used to cannulate the artery with a sterile TA11PA-C10 transmitter (Data Sciences International, St. Paul, MN). The catheter connected to the transducer was advanced into the thoracic aorta and held in place with sutures, and the transmitter was positioned along the right flank, close to the hindlimb. Mice were allowed to recover for 1 wk before initiation of monitoring. Blood pressure measurements were telemetrically collected for 10 s each minute during a 24-h period at the baseline time point of 3 mo of age and then weekly up to 6 mo of age. The group of mice used for telemetry was separate from the groups used for echocardiography and invasive hemodynamics.
Collagen staining. Hearts were fixed in 10% buffered formalin for 24 h and embedded in paraffin, and 5-m transverse sections were cut using a microtome. Tissue sections were dewaxed, rehydrated, and then stained. For picrosirius red staining, sections were stained in a 0.1% solution of sirius red in a saturated aqueous solution of picric acid for 1 h and then washed in acidified water, dehydrated with graded alcohols, and mounted on slides. Both bright-field and polarized light microscopy were used to image and photograph the slides. Slides were imaged using a using a Zeiss microscope and AxioVision 4.5 software. For slides stained with Masson's trichrome, ImagePro 6.2 software was used to calculate the percent area of collagen content.
Quantitative real-time PCR. Total RNA was isolated from left ventricular heart tissue homogenates and was reverse transcribed using the SuperScript II kit (Invitrogen, San Diego, CA). cDNA was purified then amplified using gene-specific primers and a LightCycler real-time thermocycler (Roche Diagnostics, Indianapolis, IN). Transcripts were detected using SYBR Green I (Molecular Probes) and were normalized to 18S mRNA.
Western blot analysis. Western blotting was performed as described previously (20) . Left ventricular heart tissue homogenates were prepared in a buffer containing 20 mM Tris (pH 7.4), 2.5 mM EDTA, 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 100 mM NaCl, 10 mM NaF, and 1 mM Na3VO4 and were quantified using the BCA protein assay according to the manufacturer's instructions (Thermo Scientific, Rockford, IL). Heart samples (40 g protein per lane) were run on a 10% SDS-PAGE gel (Invitrogen) for 90 min at 150 V and then transferred to a PVDF membrane. Membranes were blocked for 30 min in 5% nonfat dry milk and probed with primary antibody (1:1,000) specific to TGF-␤ (Santa Cruz Biotechnology) or ␣-smooth muscle actin (␣-SMA; Thermo Fisher Scientific, Fremont, CA) on a rocking platform overnight at 4°C. Membranes were washed, then incubated with horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch), and detected using the SuperSignal West Pico peroxide and luminol enhancer solution (Thermo Scientific). Membranes were imaged, photographed, and quantified using the Bio-Rad ChemiDoc system (Hercules, CA). Proteins of interest were normalized to cdk4 content.
Statistical analysis. Data are represented as the means Ϯ SE and are compared using the Student's t-test when SAMR1 and SAMP8 mice are being compared for 6 mo time point studies. A two-way ANOVA is used when SAMR1 and SAMP8 mice are being compared for 3 and 6 mo studies. Bonferroni post hoc tests were used to determine significance of specific pair-wise comparisons. A P value Ͻ0.05 is considered statistically significant.
RESULTS

SAMP8 mice
showed accelerated aging at 6 mo of age. To determine if the SAMP8 mice have accelerated senescence, levels of p19 ARF also known as ARF, a tumor suppressor protein encoded by the INK4a/ARF locus regulating the p53 pathway by stabilizing p53, were measured. Since senescence requires activation of the p53 pathway, elevated p19 ARF is consistent with aging and accelerated senescence (24) . p19 ARF was increased in 6-mo-old SAMP8 mice compared with SAMR1 controls as measured by quantitative real-time PCR (Supplemental Fig. S1 ; Supplemental Material for this article is available online at the Am J Physiol Heart Circ Physiol website).
SAMP8 mice show diastolic dysfunction at 6 mo of age. At 6 mo of age, SAMP8 mice displayed echocardiographic evidence of diastolic dysfunction compared with SAMR1 controls. With the use of conventional pulsed-wave Doppler echocardiography, the ratio of early to late mitral inflow velocity (E/A) was reduced in SAMP8 mice compared with SAMR1 controls (1.2 Ϯ 0.03 vs. 1.3 Ϯ 0.03; P Ͻ 0.05). Tissue Doppler imaging was used to measure the mitral valve annulus velocity. In SAMP8 mice, E' was reduced compared with SAMR1 controls (21.1 Ϯ 0.8 vs. 25.7 Ϯ 0.9 mm/s; P Ͻ 0.05). Likewise, the ratio of early to late tissue mitral annulus velocities (E'/A') was reduced in SAMP8 mice (0.8 Ϯ 0.03 vs. 1.1 Ϯ 0.02; P Ͻ 0.05; Table 1 ). The dependency of the phenotype on age was confirmed with echocardiographic studies performed at 3 mo of age that showed no differences in diastolic function (Table  1) . Furthermore, we studied 12-mo-old SAMR1 and SAMP8 mice to more solidly establish that diastolic dysfunction in the model is age related. Similar to the findings at 6 mo of age, the E'/A' ratio was reduced in SAMP8 mice compared with SAMR1 controls (0.8 Ϯ 0.03 vs. 1.0 Ϯ 0.04; P Ͻ 0.05; Supplemental Table S1 ). In addition, when diastolic function was compared between both types of mice at 6 and 12 mo of age, it seemed that diastolic remained impaired in SAMP8 mice at 12 mo of age, and in SAMR1 mice at 12 mo of age, E'/A' decreased to a level comparable to SAMP8 mice at 6 mo of age. Therefore, it appears that with advancing age, SAMR1 mice begin to display evidence of diastolic dysfunction, further supporting our observation that diastolic dysfunction is related to aging.
To confirm our echocardiographic observations, we used invasive hemodynamics, and as expected, SAMP8 mice displayed hemodynamic evidence of diastolic dysfunction compared with SAMR1 controls. Compared with SAMR1 mice at 6 mo of age, SAMP8 mice had an increased end-diastolic pressure (5.6 Ϯ 0.9 vs. 3.4 Ϯ 0.3 mmHg; P Ͻ 0.05). Additionally, transient occlusion of the inferior vena cava was used to generate a family of pressure-volume loops at varying volumes. The left ventricular EDPVR is represented as the slope of the best-fitting line connecting the end-diastolic pressure-volume points, and it reflects the passive diastolic properties of the left ventricle (7). Consistent with our data demonstrating diastolic dysfunction, the slope of the EDPVR is increased in SAMP8 mice compared with SAMR1 controls (0.8 Ϯ 0.1 vs. 0.5 Ϯ 0.05 mmHg/l; P Ͻ 0.05; Table 2 ). We did not observe any differences in dP/dt min , the maximal slope of ventricular pressure decline during diastole, or in Glantz , Weiss , or t 1/2 , three different ways of assessing LV pressure decay, however, suggesting that the pressure-volume relation, and hence passive diastole, but not active relaxation were affected in the model. We also measured arterial elastance (Ea) and the ventricular-vascular coupling ratio (Ea/Es) to determine whether abnormal ventricularvascular coupling could account for the changes in cardiac function we observed. There were no differences between SAMP8 and SAMR1 mice in Ea (8.8 Ϯ 1.1 vs. 7.0 Ϯ 0.5) or Ea/Es (1.2 Ϯ 0.2 Values are means Ϯ SE. SAMR and SAMP, senescence-resistant and senescence-prone mice; LV, left ventricular; LVID;s and LVID;d, LV internal diameter systolic and diastolic; LVESV and LVEDV, LV end-systolic and diastolic volume; LVWT, LV wall thickness; SV, stroke volume; EF, ejection fraction; FS, fractional shortening; E/A, ratio of early to late mitral inflow velocity; E'/A', ratio of diastolic mitral annulus velocities. *P Ͻ 0.05 when comparison is made between SAMR1 and SAMP8 mice of the same age; †P Ͻ 0.05 when comparison is made between the same type of mice at 3 and 6 mo of age.
vs. 1.3 Ϯ 0.2), respectively, suggesting changes are not the result of altered ventricular-vascular coupling.
Conventional M-mode echocardiography was used to measure cardiac dimensions. There were no differences in left ventricular dimensions between SAMR1 and SAMP8 mice during either systole or diastole. Furthermore, the stroke volume (44.5 Ϯ 1.0 vs. 45.7 Ϯ 2.2 l), the ejection fraction (64.3 Ϯ 1.5 vs. 65.0 Ϯ 1.2%), and the percent fractional shortening (34.7 Ϯ 1.1 vs. 35.3 Ϯ 0.8%) were unchanged between SAMP8 and SAMR1 mice, respectively, suggesting that changes in diastolic function could not be explained by changes in systolic function (Table 1) .
Since hypertension is an established risk factor for the development of diastolic dysfunction (35, 36) , we monitored mean arterial pressure by telemetry in SAMR1 and SAMP8 mice from 3 through 6 mo of age. There were no differences in mean arterial pressure between the two groups of mice at any time point, and there was no change in pressure over the 3 mo course of measurement (Fig. 1) . Therefore, changes in diastolic function observed were independent of blood pressure changes.
Since diastolic dysfunction could result from impairment in the relaxation of cardiac myocytes, we examined sarcomere length shortening and relengthening. Relaxation was measured in freshly isolated ventricular cardiomyocytes at 1.0-Hz stimulation and 37°C. The baseline sarcomere length of cardiac myocytes was modestly shorter in SAMP8 mice compared with SAMR1 mice (1.72 Ϯ 0.01 vs. 1.78 Ϯ 0.01 m; P Ͻ 0.05; Fig. 2A ). Nevertheless, there were no significant differences in fractional shortening (12.42 Ϯ 0.67 vs. 12.43 Ϯ 0.48%), time to 90% peak shortening (0.33 Ϯ 0.01 vs. 0.33 Ϯ 0.01 s), and the relaxation time constant (0.13 Ϯ 0.01 vs. 0.12 Ϯ 0.01) between SAMR1 and SAMP8 mice, respectively (Fig. 2,  B-D) . This suggests that diastolic dysfunction observed in this model was not the result of changes in cardiomyocyte function.
Since the SAM model develops other pathologies in addition to those related to cardiac function and because cardiac and renal function are often interrelated, we examined the metabolic profiles of SAM mice at 6 mo of age. Plasma blood urea nitrate was 15.9 Ϯ 0.5 in 6-mo-old SAMR1 mice and was only mildly elevated to 17.8 Ϯ 0.4 in SAMP8 mice. Plasma creatinine was unchanged in SAMR1 vs. SAMP8 mice (0.21 Ϯ 0.01 vs. 0.20 Ϯ 0.0). Finally, the diastolic dysfunction observed did not progress fully to diastolic heart failure; we observed no difference between lung weights between SAMR1 and SAMP8 mice at 6 mo of age (data not shown).
SAMP8 mice demonstrated increased cardiac fibrosis. Since diastolic dysfunction in the SAM model is not secondary to hypertension, we sought to investigate other causes and mechanisms of the age-associated diastolic dysfunction. Since diastolic dysfunction has been found to be correlated with stiffening of the left ventricle and diminished distensibility of the heart muscle in a population of patients with the disorder (4), we next sought to examine the fibrotic response in our model. Collagens represent an important component of fibrotic tissue, so myocardial collagen content was examined using two different histological methods. When transverse myocardial tissue sections were stained with sirius red, greater collagen accumulation in whole hearts of SAMP8 mice was evident due to increased red staining of the tissue using brightfield microscopy (Fig. 3A, top) . Tissue sections were also imaged using polarized light, where large collagen fibers appear yellow or orange, and thinner fibers appear green (14) . In both interstitial and perivascular regions of the myocardium, SAMP8 mice showed increased collagen deposition compared with SAMR1 controls. The accumulation of large collagen fibers was particularly markedly increased in the perivascular regions of hearts from SAMP8 mice (Fig. 3A, bottom) . To confirm and quantify these findings, Masson's trichrome staining was used. Again, greater collagen accumulation was observed in the interstitial and perivascular regions of the myocardium in SAMP8 mice. In the interstitial and perivascular tissue, the percentage of tissue comprised of collagen was greater in SAMP8 mice compared with SAMR1 controls [0.8 Ϯ 0.1 vs. 0.3 Ϯ 0.04 (P Ͻ 0.05) and 1.6 Ϯ 0.1 vs. 1.0 Ϯ 0.1 (P Ͻ 0.05), respectively; Fig. 3B] .
To further examine which collagens and other associated proteins might be increased in the myocardium of senescence-accelerated mice, quantitative real-time PCR was Fig. 1 . Mean arterial pressure was unchanged in senescence-resistant controls (SAMR1) and senescence-prone (SAMP8) mice from 3 to 6 mo of age (n ϭ 5; P ϭ NS). Values are means Ϯ SE. HR, heart rate; LVESP and LVEDP, left ventricular end-systolic and diastolic pressure; dP/dtmax, dP/dtmin, and dP/dtEDV, maximal, minimal, and end-diastolic volume change of ventricular pressure over time; Ea, arterial elastance; Ea/Es, ventricular-vascular coupling ratio; Glantz, Weiss, or t1/2, three different ways of assessing LV pressure decay; EDPVR and ESPVR, end-diastolic and systolic pressure-volume relationship; PRSW, preload recruitable stroke work. *P Ͻ 0.05. used to measure myocardial gene expression of collagen 1A1, collagen 3A, and fibronectin. In SAMP8 mice compared with SAMR1 controls, collagen 1A1, which is the main component of scar tissue, and collagen 3A, commonly associated with collagen 1A1, were increased (Fig. 4, A and  B) . Fibronectin is an extracellular matrix protein that can bind to collagen, and expression of fibronectin 1 was increased in SAMP8 mice (Fig. 4C) .
Cardiac fibrosis observed in senescence-accelerated mice was associated with increased expression of profibrotic cytokines. Since cardiac fibrosis is present in this model of age-related diastolic dysfunction, we sought to investigate the Fig. 2 . Functional analysis of isolated cardiomyocytes. A: mean of diastolic sarcomere length was significantly shorter in cardiomyocytes from SAMP8 compared with SAMR1 at 6 mo of age (n ϭ 53, 59; *P Ͻ 0.05). B: fractional shortening of isolated cardiomyocytes paced at 1.0 Hz at 37°C represented as the peak shortening divided by the baseline sarcomere length (n ϭ 53, 59; P ϭ NS). C: time to 90% peak contraction in isolated cardiomyocytes (n ϭ 47, 51; P ϭ NS). D: isolated cardiomyocytes from SAMP8 mice have a prolonged relaxation constant () compared with SAMP1 mice (n ϭ 53, 59; P ϭ NS). Fig. 3 . SAMP8 mice show greater collagen deposition and hence increased cardiac fibrosis in both the interstitial areas and perivascular areas compared with SAMR1 controls at 6 mo of age. A: picrosirius red staining to evaluate collagen deposition. With the use of bright-field microscopy, SAMP8 mice show a more intense red stain than SAMR1 mice, indicating greater collagen accumulation. When polarized light is used, larger collagen fibers appear as bright yellow or orange, and thinner fibers are green. Both modalities show increased collagen accumulation in SAMP8 mice at 6 mo of age. B: Masson's trichrome staining to evaluate collagen deposition (n ϭ 4; *P Ͻ 0.01).
signaling pathways that might contribute to the fibrotic response. TGF-␤ is a potent profibrotic cytokine that influences the development of cardiac fibrosis by promoting cellular events such as increased collagen synthesis and decreased protease expression (17, 18) . CTGF is induced by TGF-␤ and acts synergistically with TGF-␤ to promote deposition of extracellular matrix proteins (8, 16, 18) . These profibrotic cytokines are capable of converting fibroblasts into myofibroblasts, which express ␣-SMA and synthesize collagen, promoting the fibrotic process (17) . Cardiac gene expression of TGF-␤ and CTGF was increased in SAMP8 mice compared with SAMR1 controls (Fig. 5, A and B) . Consistent with increased collagen disposition, ␣-SMA protein expression was increased in SAMP8 mice compared with controls, suggesting a conversion of fibroblasts into myofibroblasts (Fig. 5C ).
DISCUSSION
Diastolic heart failure is increasing in prevalence (23) . It carries significant morbidity and mortality, and treatment strategies are nonspecific because of a poor mechanistic understanding of the disease (22) . Diastolic heart failure is characterized by abnormal relaxation of the left ventricle (1) . Since diastolic dysfunction is more common in the elderly population, we hypothesized that the SAM model would show diastolic dysfunction. In the present study, we show that SAMP8 mice have diastolic dysfunction in the absence of alterations in systolic function using two different modalities, echocardiography and invasive hemodynamics, which we have previously found to be well correlated (25) . Additionally, we demonstrate that diastolic dysfunction can occur in the absence of an increase in blood pressure, perhaps explaining the lack of efficacy of antihypertensive medications in human clinical trials (10, 19, 33) . Since renal function often impacts both blood pressure and cardiac function, we examined plasma metabolic profiles of SAM mice as well and found only minor differences in blood urea nitrogen between SAMR1 and SAMP8 mice. Taken in combination with the lack of change in blood pressure, we do not believe that renal abnormalities contribute to diastolic dysfunction in this aging model. Another potential pathophysiologic variable that could contribute to abnormal diastolic function is altered ventricular-vascular coupling. Nevertheless, when we measured arterial elastance and the ratio of ventricular-vascular coupling using invasive hemodynamics, we found no differences between the two groups of mice, suggesting that the diastolic dysfunction we have observed cannot be explained by increased vascular stiffness or abnormalities in the interaction between the heart and the systemic vasculature. Another variable that could contribute to abnormal diastolic function is impaired cardiac myocyte relaxation. We measured the baseline sarcomere length of cardiac myocytes, fractional shortening, time to 90% peak shortening, and the relaxation time constant to assess myocyte function. There were no differences in time to 90% peak shortening or between SAMR1 and SAMP8 mice, which suggests myocyte relaxation is not impaired and is not responsible for diastolic dysfunction. Taken together, we believe we have demonstrated that the senescence-accelerated mouse develops isolated agerelated diastolic dysfunction by 6 mo of age and could thus be a useful model for continued studies.
While it is recognized that diastolic dysfunction, which is often clinically silent, can progress to diastolic heart failure in humans, we did not observe progression to overt heart failure in the mice by 6 mo of age. At 6 mo of age, we observed no difference in lung weight between SAMR1 and SAMP8 mice, indicating the absence of pulmonary edema secondary to heart failure. Nevertheless, we believe that the development of diastolic dysfunction is significant in that it represents a point in the development of the disease where underlying mechanisms of pathology could be studied to investigate possible interventions before heart failure has occurred.
Since we sought to demonstrate that diastolic dysfunction is an age-dependent pathophysiological development in this model, we also evaluated the cardiac function of SAMR1 and SAMP8 mice at 12 mo of age. While there were no differences cardiac structure or systolic function between SAMR1 and SAMP8 mice, we again found evidence of diastolic dysfunction in SAMP8 mice at 12 mo of age, suggesting diastolic impairment first appeared by 6 mo of age and persisted to a similar degree through 12 mo of age. Furthermore, we observed a modest decrease in the diastolic function of SAMR1 mice at 12 mo of age compared with 3 or 6 mo of age, suggesting that as the control mice age further, they begin to show decreases in diastolic function as well. Taken with the absence of diastolic dysfunction at 3 mo of age, these data suggest that the diastolic dysfunction we have observed in the SAM model is age related.
One proposed cause of diastolic dysfunction is fibrosis, and, consistent with this, we found increased collagen deposition in the hearts of senescence-prone mice. This fibrotic response and collagen deposition were accompanied by an increase in several profibrotic cytokines. As expected, the increases in CTGF and TGF-␤ paralleled the increase in the myofibroblast phenotype. Many forms of tissue fibrosis are associated with increased signaling through the TGF-␤ pathway (16, 17) . In this pathway, increased TGF-␤ upregulates CTGF, and these two cytokines act synergistically to increase Smad signaling in the nucleus, which ultimately leads to conversion of fibroblasts into myofibroblasts, which secrete additional extracellular matrix proteins (8) . We surmise that, in this model, some aspect unique to the aging process triggers an increase in TGF-␤, which then upregulates CTGF, and these two cytokines promote increased phosphorylation of Smad2/3, which ultimately leads to increased synthesis of extracellular matrix proteins such as collagen and fibronectin. It is also possible that there are changes in the expression and/or activity of matrix metalloproteinases and tissue inhibitors of matrix metalloproteinases, which contribute to the fibrotic response; however, these changes likely occur secondary to increased TGF-␤ signaling.
While models exist for the study of hypertension-related diastolic dysfunction (3, 21, 25) , diabetic-associated diastolic dysfunction (2, 9, 11), and the relationship between agedependent collagen alterations and diastolic dysfunction (5), there has not thus far been a spontaneous senescence model that recapitulates diastolic dysfunction as it naturally occurs in the elderly population. In this model, diastolic dysfunction develops between 3 and 6 mo of age in SAMP8 mice but not in SAMR1 controls. With respect to aging research, this is an early time point in the life span of these animals, and the physiologic abnormality manifests over a relatively short period of time. From an experimental standpoint, this is advantageous because it allows for a more rapid study of mechanism of disease. Furthermore, multiple models of the same disease state may ultimately provide a more comprehensive understanding of pathophysiologic mechanisms.
The senescence-accelerated mouse model is likely to prove a useful model for the study of age-related diastolic dysfunction. Furthermore, this model has many features similar to those seen in humans. In summary, we have characterized a model demonstrating isolated diastolic dysfunction associated with accelerated aging. Diastolic dysfunction is accompanied by fibrosis that arises in conjunction with an increase in profibrotic cytokines. This model may give new insight into the mechanisms of diastolic dysfunction and lead to specific pharmacological strategies to prevent or treat this pathology.
